In this letter, we present a new expression of ergodic capacity for two-wave with diffuse power (TWDP) fading channels. The derived formula is relatively concise and consists of well-known functions even in infinite series form. Especially, the truncated approximate expression and asymptotic formula are also presented, which enable us to obtain useful and physical insights on the effect of TWDP fading on the ergodic capacity for various fading conditions. key words: ergodic capacity, two-wave with diffuse power (TWDP) fading channels, asymptotic analysis
Introduction
It is well-known that two-wave with diffuse power (TWDP) fading is a class of fading models characterized by two lineof-sight (LOS) components and multiple non-LOS components [1] - [5] , which covers various types of conventional fading models such as Rayleigh, Rician, etc. This fading model has been shown to be appropriate for hyper-Rayleigh fading, which is more severe than Rayleigh fading, particularly in wireless sensor networks and vehicle-to-vehicle communications [2] , [3] .
There exist several performance metrics that are used to theoretically and practically evaluate wireless communication systems (e.g., bit error rate, ergodic capacity, outage capacity, outage probability, etc.). Among these metrics, ergodic capacity has been considered the essential one, since it shows how much information can be transferred through a specific fading channel and provides an upper limit of all other practical capacities [6] - [8] . Unfortunately, the conventional capacity expressions for TWDP fading channels are not analytically tractable due to their high complexity. For instance, the capacity expression for TWDP fading channels given in [4] was proposed through moment generating function (MGF) based approach by utilizing an improper integral and the first derivative. Recently, another expression was introduced in [5] , where, however, an improper integral and infinite summation terms were still left in its final expression. Thus, in this letter, we attempt to newly formulate a concise and exact expression of ergodic capacity for TWDP fading channels particularly under the optimal rate adaptation (ORA) policy. Furthermore, we also derive a truncated approximate expression in closed-form as well as an asymptotic formula in the high signal-to-noise ratio (SNR) regime.
Ergodic Capacity of TWDP Fading Channels
TWDP fading model consists of two specular components and a diffuse component as
where the first two terms represent specular components with constant V 1 , V 2 and φ 1 , φ 2 ∼ U(0, 2π), and X + jY denote a diffuse component with X, Y ∼ N(0, σ 2 ). Then, this fading model can be characterized by two parameters
, which are the ratio of the specular power to the diffused power, and the relative power level of the two specular components, respectively.
Then, the probability density function of the received SNR γ is given by [4] 
whereK(α) = K(1 + ∆ cos(α)) and I n (·) is the n-th order modified Bessel function of the first kind [9] . Then, the ergodic capacity per unit bandwidth for TWDP fading under ORA policy with a fixed power is represented as [10]
Thus, by using (2) and adopting the power series expansion of Bessel function [9] , we obtain
Here, we can reformulate the latter integral in (4) by
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where
t ν dt is the exponential integral [9] . Then, the double summation in (5) can be further rearranged as
where the last equality is obtained from 1 F 1 (1; n + 1; K) = ne K K −n γ(n, K) with 1 F 1 (·; ·; ·) and γ(·, ·) being Kummer confluent hypergeometric function and incomplete gamma function, respectively [9] . In addition, the integral in (6) can be reformulated by using
and with the aid of [5, (14) ] as
where ξ n (K, ∆) is defined for any K, ∆, and n ≥ 1 with ξ 0 (K, ∆) = 1. Finally, we can arrive at the average ergodic capacity formula for TWDP fading per unit bandwidth as
Furthermore, the above infinite summation can be truncated to N max + 1 terms with an arbitrary small truncation error as
For some special cases (e.g., Rayleigh and Rician), C TWDP reduces to C Rayleigh (i.e., K = 0) or C Rician (i.e., ∆ = 0). To be specific, when K = 0, then ξ 0 (0, ∆) = 1 and ξ n (0, ∆) = 0 for all n 0. Hence, we have
which coincides with [10, (34) ] . Additionally, when ∆ = 0, ξ n (K, 0) = 1 −
2π
n−1 j=0 e −K K j j! and, after some straightforward manipulations, C TWDP can be simplified to
which is definitely identical to [11, (5) ] .
Asymptotic Analysis
By applying the high SNR approximation technique and with the aid of [12, (5.1.11) and (5.1.12)] , we can obtain the asymptotic expression of the ergodic capacity at high SNR as
where ν = 0.1 log 2 10 and γ e is the Euler-Mascheroni constant [9] . Furthermore, the above expression can be also truncated as
For K = 0 (i.e., Rayleigh), (12) can be readily reformulated as
Moreover, for ∆ = 0 (i.e., Rician), with the help of [13, (7), (10), and (14)] , (12) reduces to
It is noteworthy that the above two expressions (e.g., (16) and (17)) are coincident with the existing expressions presented in [4] .
Numerical Results
In this section, the ergodic capacity performance for TWDP fading under ORA policy is evaluated by comparing some numerical results obtained from the derived expressions with those from extensive Monte-Carlo simulations. illustrates the minimum N max value required to achieve a truncation error less than 10 −4 . Although our derived formula is expressed in infinite series, we can achieve reasonable accuracy in various conditions, even with less than 35 terms.
In Fig. 1 , various channel conditions with different K and ∆ are considered. Lines, dotted lines, and markers correspond to ergodic capacity from (9), asymptotic ergodic capacity from (13) (cf. both with N max = 35), and Monte-carlo simulation results, respectively. As can be clearly observed, every simulation result shows an excellent agreement with corresponding analytical result in various SNR and fading conditions, and the high SNR asymptotic curves fit well even at the middle SNR as well. Figure 2 depicts the ergodic capacity for special fading channels of Rayleigh and Rician with various K. As already shown in Fig. 1, Fig. 2 also apparently validates the accuracy of the derived expressions under various conditions.
Conclusions
In this letter, we have novelly derived the compact and accurate expression of ergodic capacity for TWDP fading channels under ORA policy. Our formula consists of some wellknown functions (e.g., E ν (·)) even in infinite series form, which is much simpler and effective than the conventional expressions. Furthermore, we have also obtained the tight approximate expression with a proper complexity and cor- responding asymptotic formulas in the high SNR regime.
